Introduction {#sec1}
============

The chemistry of luminescent copper(I) complexes has been significantly revitalized by the phenomenon of thermally activated delayed fluorescence (TADF), which was found to be an intrinsic molecular property of a gradually increasing number of these compounds.^[@ref1]−[@ref5]^ The given photophysical mechanism implies a small energy gap between the lowest lying singlet and triplet excited states (Δ*E*(S~1~--T~1~) is preferably less than 1000 cm^--1^) that makes possible the fast population of the T~1~ state (via S~1~ → T~1~ intersystem crossing, ISC) and its efficient thermal equilibration with emissive S~1~ state by means of reverse ISC (T~1~ → S~1~). This excited state dynamics, which involves both S~1~ and T~1~ states, can result in relatively short-lived (τ~obs~ of a few microseconds) and intense photoemission even in the case of a moderate spin--orbit coupling (SCO) induced by a d^10^ copper ion. Therefore, Cu(I) TADF luminophores are considered as a promising and affordable alternative to phosphorescent complexes of noble metals, particularly in view of their application as dopant emitters for efficient electroluminescent devices.^[@ref6]−[@ref12]^

The prevailing charge transfer character of the lowest excited states of copper(I) species, which exhibit delayed fluorescence (e.g., metal to ligand charge transfer, MLCT), provides a sufficient spatial separation between the unpaired electrons (i.e., small overlap between the highest occupied and lowest unoccupied molecular orbitals) and thus ensures the required small magnitude of Δ*E*(S~1~--T~1~) splitting. Consequently, modulation of the photophysical properties of Cu(I) TADF emitters is typically achieved by varying the electronic characteristics of the ligand contributing to LUMO that primarily affects the energy of the excited state. This approach, however, puts certain synthetic constraints on the tuning of the luminescence color of Cu(I) complexes, which rarely demonstrate a wide variation of the emission wavelengths.^[@ref13]−[@ref19]^

Changing the copper for silver ion, which frequently adopts a similar ligand environment, is a convenient option to influence the electronic structure and the luminescence behavior of target complexes. In comparison to Cu(I), the energetically lower lying d orbitals of Ag(I) lead to a larger energy gap and therefore cause a hypsochromic shift of absorption and emission bands. On the other hand, greater stabilization of silver d electrons and as a result higher oxidation potential of Ag(I) often diminish the metal contribution to frontier molecular orbitals that greatly decreases the probability of MLCT electronic transitions. Thus, Ag(I) luminophores are less prone to exhibiting the delayed fluorescence relative to their Cu(I) congeners.^[@ref20]−[@ref24]^ This issue might be resolved by utilizing the electron-rich ancillary ligands, which raise the energy of d orbitals and/or substantially contribute to the HOMO, thus facilitating charge transfer transitions (MLCT or LLCT/XLCT and their mixture) and promoting fast and efficient TADF.^[@ref20],[@ref21],[@ref23]^

In this work we attempted to address the question of altering the solid-state photophysical performance of a series of copper(I) and silver(I) complexes by employing readily accessible di-, tri-, and tetradentate phosphine ligands, which are expected to play a major role in the excited state. The variable amount of P-donor functions has an essential impact on the energies of the radiative electronic transitions, which are also strongly affected by the crystal packing. The bidentate nature of the auxiliary thiocyanate anions not only allowed the construction of di- and tetranuclear compounds, but also can be used for generating the electronically different ^--^SCN:B(C~6~F~5~)~3~ ligand, which has not been exploited previously in the coordination chemistry of transition metals.

Experimental Section {#sec2}
====================

General Comments {#sec2.1}
----------------

The ligands bis(2-diphenylphosphinophenyl)phenylphosphine (**P**^**3**^) and tris(2-diphenylphosphino)phenylphosphine (**P**^**4**^), were prepared according to the reported procedures.^[@ref25],[@ref26]^ Tetrahydrofuran (THF) was distilled over Na-benzophenone ketyl under a nitrogen atmosphere prior to use. Other reagents were used as received. The solution ^1^H, ^31^P{^1^H} NMR and ^1^H--^1^H COSY spectra were recorded on Bruker 400 MHz Avance and AMX 400 spectrometers. Microanalyses were carried out at the analytical laboratory of the University of Eastern Finland.

### \[Cu(μ~2~,κ^2^-SCN)DPEphos\]~2~ (**1**) {#sec2.1.1}

DPEphos (100 mg, 0.186 mmol) and CuSCN (22.6 mg, 0.185 mmol) were mixed in a dichloromethane/methanol (15 mL, 3:1 v/v mixture) under a nitrogen atmosphere, and the suspension was refluxed for 12 h. The resulting pale solid was removed by filtration. The solvents were evaporated, and the residue was washed with diethyl ether (2 × 5 mL) and recrystallized by slow evaporation of its dichloromethane/acetonitrile (2:1 v/v mixture) solution at room temperature to give colorless crystalline material (70 mg, 58%). IR (KBr; ν(C≡N), cm^--1^): 2098. ^31^P{^1^H} NMR (DMSO-*d*~6~; 298 K; δ): −19.6 (s, br). ^1^H NMR (CD~3~CN, 298 K; δ): 7.35--7.45 (m, 40H, Ph), 7.27 (ddd, 4H *J*~HH~ ca. 7.8, 1.4 Hz, C~6~H~4~), 6.97 (dd, 4H, *J*~HH~ ca. 7.5 Hz, C~6~H~4~), 6.93 (dm, 4H, *J*~HH~ 7.5 Hz, C~6~H~4~), 6.70 (m, 4H, C~6~H~4~). Anal. Calcd for C~74~H~56~Cu~2~N~2~O~2~P~4~S~2~: C, 67.31; H, 4.27; N, 2.12; S, 4.85. Found: C, 67.47; H, 4.48; N, 2.35; S, 4.85.

### \[Ag(μ~2~,κ^1^-SCN)DPEphos\]~2~ (**2**) {#sec2.1.2}

DPEphos (70 mg, 0.130 mmol) and AgSCN (21.4 mg, 0.129 mmol) were mixed in dichloromethane (10 mL) under a nitrogen atmosphere, and the suspension was refluxed for 3 h. The solvent was evaporated, and the pale residue was washed with diethyl ether (2 × 5 mL) and recrystallized by slow evaporation of its dichloromethane/hexane (2:1 v/v mixture) solution at +5 °C to give a colorless crystalline material (72 mg, 81%). IR (KBr; ν(C≡N); cm^--1^): 2091. ^31^P{^1^H} NMR (CD~2~Cl~2~; 298 K; δ): −8.9 (br d, *J*~PAg~ 366 Hz). ^1^H NMR (CD~2~Cl~2~; 298 K; δ): 7.39--7.51 (m, 40H, Ph), 7.25 (d, 4H, *J*~HH~ ca. 7.5 Hz, C~6~H~4~), 7.02 (dd, 4H, *J*~HH~ 7.0 and 7.5 Hz Hz), 6.81--6.86 (m, 8H, C~6~H~4~). Anal. Calcd for C~75~H~58~Ag~2~N~2~O~2~P~4~S~2~Cl~2~: C, 60.29; H, 3.91; N, 1.87; S, 4.29. Found: C, 59.91; H, 4.29; N, 1.91; S, 3.98.

### \[Cu(μ~2~,κ^2^-SCN)Xantphos\]~2~ (**3**) {#sec2.1.3}

This compound was prepared similarly to **1** using Xantphos (50 mg, 0.086 mmol) and CuSCN (10.5 mg, 0.086 mmol). It was recrystallized by slow evaporation of its dichloromethane/acetonitrile/methanol (1:1:1 v/v/v mixture) solution at room temperature to give a colorless crystalline material (45 mg, 79%). IR (KBr; ν(C≡N); cm^--1^): 2091. ^31^P{^1^H} NMR (DMSO-*d*~6~; 298 K; δ): −19.1 (s, br). ^1^H NMR (DMSO-*d*~6~; 298 K; δ): 7.67 (dd, 4H, *J*~HH~ 7.9, 1.3 Hz, xanth-C~6~H~3~), 7.29--7.44 (m, 40H, Ph), 7.20 (dd, 4H, *J*~HH~ ca. 7.9 Hz, xanth-C~6~H~3~), 6.64 (m, 4H, xanth-C~6~H~3~), 1.64 (s, 12H, CH~3~). Anal. Calcd for C~80~H~64~Cu~2~N~2~O~2~P~4~S~2~: C, 68.61; H, 4.61; N, 2.00; S, 4.58. Found: C, 68.33; H, 4.66; N, 2.37; S, 4.41.

### \[Ag(μ~2~,κ^2^-SCN)Xantphos\]~2~ (**4**) {#sec2.1.4}

This compound was prepared similarly to **2** using Xantphos (70 mg, 0.121 mmol) and AgSCN (20 mg, 0.120 mmol). It was recrystallized by slow evaporation of its dichloromethane/acetonitrile/methanol (2:1:1 v/v/v mixture) solution at +5 °C to give a colorless crystalline material (76 mg, 84%). IR (KBr; ν(C≡N); cm^--1^): 2088. ^31^P{^1^H} NMR (CD~3~CN, 298 K; δ): −5.7 (d, *J*~PAg~ 374 Hz, 4P). ^1^H NMR (CD~3~CN, 298 K; δ): 7.64 (dd, 4H, *J*~HH~ 7.8, 1.3 Hz, xanth-C~6~H~3~), 7.26--7.40 (m, 40H, Ph), 7.17 (t, 4H, *J*~HH~ ca. 7.9 Hz, xanth-C~6~H~3~), 6.67 (m, 4H, xanth-C~6~H~3~), 1.69 (s, 12H, CH~3~). Anal. Calcd for C~80~H~64~Ag~2~N~2~O~2~P~4~S~2~: C, 64.52; H, 4.32; N, 1.88; S, 4.31. Found: C, 64.19; H, 4.52; N, 2.23; S, 3.97.

### \[Cu(μ~2~,κ^2^-SCN)dppb\]~2~ (**5**) {#sec2.1.5}

This compound was prepared similarly to **1** using 1,2-bis(diphenylphosphino)benzene, dppb (80 mg, 0.179 mmol), and CuSCN (21.5 mg, 0.176 mmol). It was recrystallized by slow evaporation of its dichloromethane solution at room temperature to give a pale yellow crystalline material (55 mg, 54%). IR (KBr; ν(C≡N); cm^--1^): 2108. Due to the poor solubility and the dynamic processes in solution, the interpretable NMR spectra could not be acquired. Anal. Calcd for C~62~H~48~Cu~2~N~2~P~4~S~2~: C, 65.54; H, 4.26; N, 2.47; S, 5.64. Found: C, 65.54; H, 4.39; N, 2.55; S, 5.61.

### \[Ag(μ~2~,κ^2^-SCN)dppb\]~2~ (**6**) {#sec2.1.6}

This compound was prepared similarly to **2** using dppb (50 mg, 0.112 mmol) and AgSCN (18.4 mg, 0.111 mmol). It was recrystallized by gas phase diffusion of diethyl ether into a dichloromethane solution of **6** at room temperature to give colorless crystalline material (60 mg, 88%). IR (KBr; ν(C≡N); cm^--1^): 2094. ^31^P{^1^H} NMR (CD~3~CN, 298 K; δ): 0.5 (m, br). ^1^H NMR (CD~3~CN, 298 K; δ): 7.56 (br s, 4H, C~6~H~4~), 7.36 (m, 4H, C~6~H~4~), 7.18 (m, 40H). Anal. Calcd for C~62~H~48~Ag~2~N~2~P~4~S~2~: C, 60.79; H, 3.95; N, 2.29; S, 5.24. Found: C, 60.98; H, 4.33; N, 2.28; S, 4.85.

### \[CuNCS(**P**^**3**^)\] (**7**) {#sec2.1.7}

**P**^3^ (60 mg, 0.095 mmol) and CuSCN (11.5 mg, 0.094 mmol) were stirred in dichloromethane (10 mL) for 3 h at room temperature to give a clear pale greenish solution. The reaction mixture was evaporated, and the greenish solid was washed with diethyl ether (2 × 5 mL) and recrystallized by gas phase diffusion of diethyl ether into a dichloromethane solution of **7** at room temperature to give a greenish wire-like crystalline material (60 mg, 85%). IR (KBr; ν(C≡N); cm^--1^): 2080. ^31^P{^1^H} NMR (CD~2~Cl~2~; 298 K; δ): −1.1 (d br, *J*~PP~ ca. 140 Hz, 2P), −8.8 (t br, *J*~PP~ ca. 140 Hz, 1P). ^1^H NMR (CD~2~Cl~2~; 298 K; δ): 7.77 (m, 4H, ortho-H, PPh~2~), 7.72 (dd, 2H, *J*~HH~ ca. 7.5 Hz, C~6~H~4~), 7.51 (dd, 2H, *J*~HH~ ca. 7.5 Hz, C~6~H~4~), 7.45 (dd, 4H, meta-H, PPh~2~), 7.42 (dd, 2H, *J*~HH~ ca. 7.5 Hz, meta-H, C~6~H~4~), 7.37 (m, 1H, para-H, PPh), 7.31 (m, 2H, para-H, PPh~2~), 7.31 (m, 2H, ortho-H, C~6~H~4~), 7.30 (m, 2H, ortho-H, PPh), 7.28 (m, 2H, *J*~HH~ 7.5 Hz, para-H, PPh~2~), 7.19 (m, 2H, meta-H, PPh), 7.09 (t, 4H, *J*~HH~ ca. 7.5 Hz, meta-H, PPh~2~), 6.64 (m, 4H, ortho-H, PPh~2~). Anal. Calcd for C~43~H~33~CuNP~3~S·CH~2~Cl~2~: C, 63.12; H, 4.21; N, 1.67; S, 3.83. Found: C, 63.15; H, 4.32; N, 1.85; S, 3.91.

### \[AgSCN(**P**^**3**^)\] (**8**) {#sec2.1.8}

This compound was prepared similarly to **7** using **P**^3^ (60 mg, 0.095 mmol) and AgSCN (15.5 mg, 0.093 mmol). It was recrystallized by gas phase diffusion of diethyl ether into a dichloromethane/acetonitrile (2:1 v/v mixture) solution of **8** at room temperature to give greenish crystals (60 mg, 79%). IR (KBr; ν(C≡N); cm^--1^): 2097. ^31^P{^1^H} NMR (acetone-*d*~6~, 298 K, δ): −9.5 (dd br, *J*~PP~ ca. 195 Hz, *J*~AgP~ ca. 206 Hz, 2P), −25.25 (t br, *J*~PP~ ca. 195 Hz, 1P). ^1^H NMR (acetone-*d*~6~, 298 K, δ): 7.59 (m, 4H, ortho-H, PPh~2~), 7.51 (m, 2H, C~6~H~4~), 7.49 (m, 2H, C~6~H~4~), 7.41 (m, 2H, C~6~H~4~), 7.39 (m, 6H, meta + para-H, PPh~2~), 7.36 (m, 3H, para-H, PPh~2~, and para-H, Ph), 7.29 (dd, 6H, *J*~HH~ 7.5 and 7.2 Hz, meta-H, PPh~2~, and ortho-H, Ph), 7.21 (dd, 1H, meta-H, Ph), 7.12 (m, 2H, C~6~H~4~), 7.00 (m, 4H, ortho-H, PPh~2~). Anal. Calcd for C~43~H~33~AgNP~3~S: C, 64.83; H, 4.17; N, 1.75; S, 4.02. Found: C, 64.88; H, 4.25; N, 1.78; S, 4.05.

### \[CuNCS(**P**^**4**^)\] (**9**) {#sec2.1.9}

This compound was prepared similarly to **7** using **P**^4^ (71 mg, 0.087 mmol) and CuSCN (10.5 mg, 0.086 mmol). It was recrystallized by gas phase diffusion of diethyl ether into a dichloromethane solution of **9** at room temperature to give a greenish crystalline material (65 mg, 79%). The orange solvent-free form of **9a** was obtained upon gas phase diffusion of pentane into a tetrahydrofuran solution of **9**. IR (KBr; ν(C≡N); cm^--1^): 2083. ^31^P{^1^H} NMR (CD~2~Cl~2~; 193 K; δ): 2.3 (s br, 1P, PPh~2~), −3.9 (s br, 1P, PPh~2~), −5.78 (m, 1P, [P]{.ul}(C~6~H~4~PPh~2~)~3~), −21.7 (s br, 1P, noncoordinated PPh~2~). ^1^H NMR (CD~2~Cl~2~; 193 K; δ): 6.1--8.2 (br unresolved m). Anal. Calcd for C~55~H~42~CuNP~4~S·C~4~H~10~O: C, 70.12; H, 5.18; N, 1.38; S, 3.17. Found: C, 69.82; H, 5.13; N, 1.40; S, 3.39.

### \[AgSCN(**P**^**4**^)\] (**10**) {#sec2.1.10}

This compound was prepared similarly to **7** using **P**^4^ (80 mg, 0.098 mmol) and AgSCN (12 mg, 0.072 mmol). It was recrystallized by slow evaporation of a dichloromethane/acetonitrile solution of **10** at room temperature to give pale green block crystals of isomer **10n** (50 mg, 71%). Yellow block crystals of tetrahydrofuran solvates **10b** are formed by gas phase diffusion of pentane into a tetrahydrofuran solution of crude **10** at +5 °C. Bright yellow-orange long crystals of methanol solvate **10c** were obtained by slow evaporation of a dichloromethane/methanol solution of **10** at room temperature. IR (KBr; ν(C≡N); cm^--1^): 2092. ^31^P{^1^H} NMR (CD~2~Cl~2~; 193 K; δ): AB~3~ spin system, −11.4 (^3^*J*~PP~ 192 Hz, ^1^*J*~107AgP~ 179 Hz, ^1^*J*~109AgP~ 203 Hz, 3P), −30.5 (^3^*J*~PP~ 192 Hz, ^1^*J*~107AgP~ 112 Hz, ^1^*J*~109Ag--P~ 129 Hz, 1P). ^1^H NMR (CD~2~Cl~2~; 193 K; δ): 7.45--7.34 (m, 9H), 7.26--6.90 (unresolved m, 33H). Anal. Calcd for C~55~H~42~AgNP~4~S: C, 67.35; H, 4.31; N, 1.42; S, 3.26. Found: C, 67.35; H, 4.36; N, 1.54; S, 3.01.

### \[Ag~2~(μ~3~,κ^2^-SCN)(t-SCN)(**P**^**4**^)\]~2~ (**11**) {#sec2.1.11}

This compound was prepared similarly to **7** using **P**^4^ (60 mg, 0.074 mmol) and AgSCN (24 mg, 0.145 mmol). It was recrystallized by gas phase diffusion of diethyl ether into a dichloromethane solution of **11** to give colorless crystals (70 mg, 84%). IR (KBr; ν(C≡N); cm^--1^): 2121, 2092, 2083. ^31^P{^1^H} NMR (CD~2~Cl~2~; 298 K; δ): −4.0 (m br, 3P, PPh~2~), −35.9 (m, 1P, [P]{.ul}(C~6~H~4~PPh~2~)~3~). ^1^H NMR (CD~2~Cl~2~; 298 K; δ): 7.52 (br unresolved m, 18H), 7.38 (br unresolved m, 12H), 7.28--7.09 (m, 36H), 7.04 (m, 12H), 6.87 (br unresolved m, 6H). Anal. Calcd for C~112~H~84~Ag~4~N~4~P~8~S~4~·CH~2~Cl~2~: C, 57.07; H, 3.65; N, 2.36; S, 5.39. Found: C, 57.14; H, 3.92; N, 2.41; S, 5.55.

### \[Ag~2~(μ~3~,κ^2^-SCN)(**P**^**4**^)\]~2~(CF~3~SO~3~)~2~ (**12**) {#sec2.1.12}

This compound was prepared similarly to **7** using **P**^4^ (60 mg, 0.074 mmol), AgSCN (12 mg, 0.072 mmol), and AgCF~3~SO~3~ (19 mg, 0.074). It was recrystallized by gas phase diffusion of diethyl ether into a dichloromethane solution of **12** to give colorless crystals (78 mg, 86%). IR (KBr; ν(C≡N); cm^--1^): 2125, 2094, 2072. ^31^P{^1^H} NMR (CD~2~Cl~2~; 298 K; δ): −2.0 (m, 6P, PPh~2~), −34.9 (m, 2P, [P]{.ul}(C~6~H~4~PPh~2~)~3~). ^1^H NMR (CD~2~Cl~2~; 298 K; δ): 7.48--7.52 (m, 18H), 7.22--7.28 (m, 24H), 7.07--7.18 (m, 30H), 7.03 (m, 6H), 6.80 (m, 6H). Anal. Calcd for C~112~H~84~Ag~4~F~6~N~2~O~6~P~8~S~4~: C, 54.34; H, 3.42; N, 1.13; S, 5.18. Found: C, 54.19; H, 3.61; N, 1.14; S, 5.23.

### \[Cu{SCNB(C~6~F~5~)~3~}(**P**^**3**^)\] (**13**) {#sec2.1.13}

B(C~6~F~5~)~3~ (85 mg, 0.166 mmol) was added under nitrogen to a degassed solution of complex **7** (125 mg, 0.166 mmol) in freshly distilled THF (10 mL). The clear reaction mixture was stirred for 10 h at room temperature, and then it was evaporated; the residue was washed with hexanes (2 × 5 mL). The resulting green solid was recrystallized by gas phase diffusion of pentane into its tetrahydrofuran solution to give a greenish crystalline material (150 mg, 71%). IR (KBr; ν(C≡N); cm^--1^): 2185. ^31^P{^1^H} NMR (CD~2~Cl~2~; 298 K; δ): 1.40 (br d, 2P, ^3^*J*~PP~ 131 Hz), −3.40 (br t, 1P, ^3^*J*~PP~ 131 Hz). ^19^F NMR (CD~2~Cl~2~; 298 K; δ): −165.4 (ddd, 6F, *J*~FF~ 23.2, 21.9, 7.9 Hz), −160.0 (t, 3F, *J*~FF~ 21.9 Hz), −134.7 (dd, 6F, *J*~FF~ 23.2, 21.9, 7.9 Hz). ^1^H NMR (CD~2~Cl~2~; 298 K; δ): 7.70 (m, 2H, C~6~H~4~), 7.59 (m, 4H, ortho-H Ph), 7.54 (dd, 2H, *J*~HH~ ca. 7.1 Hz, C~6~H~4~), 7.44 (dd, 2H, *J*~HH~ ca. 7.1 Hz, C~6~H~4~), 7.42--7.24 (m, 13H), 7.18 (dd, 2H), 7.08 (dd, 4H, *J*~HH~ ca. 7.0 Hz, meta-H Ph), 6.80 (m, 4H, ortho-H Ph). Anal. Calcd for C~61~H~33~BCuF~15~NP~3~S: C, 57.95; H, 2.63; N, 1.11. Found: C, 58.01; H, 2.65; N, 1.18.

Recrystallization of **13** (50 mg) by gas phase diffusion of diethyl ether into an acetone solution of **13** produced pale yellow crystals of \[Cu{SCNB(C~6~F~5~)~3~}(P^3^S)\] (**13S**) (20 mg, 78%). IR (KBr; ν(C≡N); cm^--1^): 2185. ^31^P{^1^H} NMR (CD~2~Cl~2~; 298 K; δ): 39.1 (dd, 1P, *J*~PP~ 60.5, 6.8 Hz), −10.9 (br m, 1P), −21.7 (br m, 1P). ^1^H NMR (CD~2~Cl~2~; 298 K; δ): 7.63--7.48 (m, 6H), 7.48--7.30 (m, 10H), 7.27 (m, 2H), 7.23--7.04 (m, 10H), 7.03--6.94 (m, 4H), 6.86 (m, 1H). Anal. Calcd for C~61~H~33~BCuF~15~NP~3~S~2~: C, 57.93; H, 3.31; N, 1.01. Found: C, 57.16; H, 3.04; N, 1.16.

### (**P**^**3**^)AgSCNB(C~6~F~5~)~3~ (**14**) {#sec2.1.14}

This compound was prepared similarly to **13** using complex **8** (102 mg, 0.128 mmol) and B(C~6~F~5~)~3~ (65 mg, 0.127 mmol). It was recrystallized by gas phase diffusion of pentane into a tetrahydrofuran solution of **14** to give a colorless crystalline material (140 mg, 83%). IR (KBr; ν(C≡N); cm^--1^): 2184. ^31^P{^1^H} NMR (CD~2~Cl~2~; 298 K; δ): AB~2~ spin system, −4.7 (^3^*J*~PP~ 204 Hz, ^1^*J*~107AgP~ 286 Hz, ^1^*J*~109AgP~ 330 Hz, 2P), −30.5 (^3^*J*~PP~ 204 Hz, ^1^*J*~107AgP~ 129 Hz, ^1^*J*~109AgP~ 147 Hz, 1P). ^19^F NMR (CD~2~Cl~2~; 298 K; δ): −165.4 (ddd, 6F, *J*~FF~ 23.3, 21.2, 8.0 Hz), −159.9 (t, 3F, *J*~F--F~ 21.2 Hz), −134.8 (dd, 6F, *J*~FF~ 23.3, 8.0 Hz). ^1^H NMR (CD~2~Cl~2~; 298 K; δ): 7.45--7.14 (m, 25H), 7.07--6.96 (m, 8H). Anal. Calcd for C~61~H~33~AgBF~15~NP~3~S·C~4~H~8~O: C, 56.55; H, 2.99; N, 1.01. Found: C, 56.78; H, 2.89; N, 1.14.

### \[(**P**^**4**^)CuSCNB(C~6~F~5~)~3~\] (**15**) {#sec2.1.15}

This compound was prepared similarly to **13** using complex **9** (190 mg, 0.203 mmol) and B(C~6~F~5~)~3~ (103 mg, 0.203 mmol). Hexane (10 mL) was added to the obtained solid residue, and the suspension was ultrasonicated for 3 h at room temperature to give **15** as a pale yellow precipitate (270 mg, 91%), which was recrystallized by gas phase diffusion of pentane into its tetrahydrofuran/diethyl ether solution to give pale green crystals of the tetrahydrofuran solvate form. Slow evaporation of a dichloromethane/hexane (1:1 v/v mixture) solution of **15** at room temperature gave yellow crystals of solvent-free modification **15a**. IR (KBr; ν(C≡N); cm^--1^): 2183, 2154. ^31^P{^1^H} NMR (CD~2~Cl~2~; 298 K; δ): 9.4 (br s). ^19^F NMR (CD~2~Cl~2~; 298 K; δ): −166.1 (ddd, 6F, *J*~FF~ 23.1, 21.0, 7.6 Hz), −161.1 (t, 3F, *J*~FF~ 21.0 Hz), −134.9 (dd, *J*~FF~ 23.1, 7.6 Hz). ^1^H NMR (CD~2~Cl~2~; 298 K; δ): 8.24 (br d, 3H, *J*~HH~ 8.4 Hz, C~6~H~4~), 7.63 (dd, 3H, *J*~HH~ ca. 8.4 Hz, C~6~H~4~), 7.53 (dd, 3H, *J*~HH~ ca. 8.4 Hz, C~6~H~4~), 7.28 (m, 3H, *J*~HH~ 8.4 Hz, C~6~H~4~), 7.26 (t, 6H, *J*~HH~ 7.3 Hz, para-H Ph), 7.07 (dd, 12H, *J*~HH~ ca. 7.3 Hz, meta-H Ph), 6.95 (br unresolved m, 12H, ortho-H Ph). Anal. Calcd for C~73~H~42~BCuF~15~NP~4~S: C, 60.53; H, 2.92; N, 0.96. Found: C, 60.68; H, 2.96; N, 1.04.

### \[(**P**^**4**^)AgSCNB(C~6~F~5~)~3~\] (**16**) {#sec2.1.16}

This compound was prepared similarly to **13** using complex **10** (165 mg, 0.168 mmol) and B(C~6~F~5~)~3~ (86 mg, 0.168 mmol). It was recrystallized by gas phase diffusion of pentane into a tetrahydrofuran solution of **16** at +5 °C to give yellow crystals (210 mg, 83%). IR (KBr; ν(C≡N); cm^--1^): 2183. ^31^P{^1^H} NMR (CD~2~Cl~2~; 298 K; δ): AB~3~ spin system, −10.3 (^3^*J*~PP~ 202 Hz, ^1^*J*~107AgP~ 200 Hz, ^1^*J*~109AgP~ 228 Hz, 3P), −34.3 (^3^*J*~PP~ 202 Hz, ^1^*J*~107AgP~ 110 Hz, ^1^*J*~109AgP~ 130 Hz, 1P). ^19^F NMR (CD~2~Cl~2~; 298 K; δ): −165.6 (ddd, 6F, *J*~FF~ 23.3, 21.7, 7.9 Hz), −160.3 (t, 3F, *J*~FF~ 21.7 Hz), −134.8 (dd, 6F, *J*~FF~ 23.3, 7.9 Hz). ^1^H NMR (CD~2~Cl~2~; 298 K; δ): 7.29 (m, 6H, Ph), 7.25--7.08 (m, 30H, Ph + C~6~H~4~), 7.03 (m, 3H, C~6~H~4~), 6.97 (m, 3H, C~6~H~4~). Anal. Calcd for C~73~H~42~AgBF~15~NP~4~S: C, 58.74; H, 2.84; N, 0.94; S, 2.15. Found: C, 58.74; H, 2.88; N, 1.03; S, 2.28.

### \[Ag~2~(μ~3~,κ^2^-SCN)(**P**^**4**^)\]~2~(SCNB(C~6~F~5~)~3~)~2~ (**17**) {#sec2.1.17}

This compound was prepared similarly to **13** using complex **11** (38 mg, 0.017 mmol) and B(C~6~F~5~)~3~ (18 mg, 0.035 mmol). It was recrystallized by gas phase diffusion of pentane into a tetrahydrofuran solution of **17** at +5 °C to give colorless crystals (40 mg, 86%). IR (KBr; ν(C≡N); cm^--1^): 2158, 2124. ^31^P{^1^H} NMR (CD~2~Cl~2~; 298 K; δ): AB~3~ spin system, −2.1 (^3^*J*~PP~ 175 Hz, ^1^*J*~AgP~ 215 Hz, 3P), −34.5 (^3^*J*~PP~ 175 Hz, 1P). ^19^F NMR (CD~2~Cl~2~; 298 K; δ): −166.1 (ddd, 6F, *J*~FF~ 23.2, 21.5, 7.8 Hz), −161.2 (t, 3F, *J*~FF~ 21.5 Hz), −134.9 (dd, 6F, *J*~FF~ 23.2, 7.8 Hz). ^1^H NMR (CD~2~Cl~2~; 298 K; δ): 7.49 (m, 18H), 7.28--7.22 (m, 24H), 7.18--7.01 (m, 36H), 6.80 (m, 6H). Anal. Calcd for C~148~H~84~Ag~4~B~2~F~30~N~4~P~8~S~4~·2C~4~H~8~O: C, 54.13; H, 2.91; N, 1.62; S, 3.71. Found: C, 54.52; H, 3.35; N, 1.69; S, 3.38.

### \[Ag(Xantphos)~2~\](SCNB(C~6~F~5~)~3~) (**18**) {#sec2.1.18}

B(C~6~F~5~)~3~ (32 mg, 0.0633 mmol) was added under nitrogen to a degassed solution of complex **4** (45 mg, 0.030 mmol) in freshly distilled THF (5 mL), and the mixture was refluxed for 4 h. The resulting clear, nearly colorless solution was evaporated, and the residue was washed with hexanes (2 × 5 mL). The solid was recrystallized by gas phase diffusion of pentane into its tetrahydrofuran solution to give a colorless crystalline material (40 mg, 73%). IR (KBr; ν(C≡N); cm^--1^): 2152. ^31^P{^1^H} NMR (CD~2~Cl~2~; 298 K; δ): −8.28 (dd, ^1^*J*~107AgP~ 238 Hz, ^1^*J*~109Ag--P~ 265 Hz, 4P). ^1^H NMR (CD~2~Cl~2~; 298 K; δ): 7.74 (dd, 4H, *J*~HH~ 8.1, 1.4 Hz, C~6~H~3~), 7.35 (t, 8H, *J*~HH~ 7.2 Hz, para-H Ph), 7.20 (dd, 4H, *J*~HH~ ca. 8.1 Hz, C~6~H~3~), 7.05--6.93 (m, 32H, meta- and para-H Ph), 1.57 (s, 12H, CH~3~). Anal. Calcd for C~97~H~64~AgBF~15~NO~2~P~4~S: C, 63.48; H, 3.52; N, 0.76; S, 1.75. Found: C, 63.12; H, 3.79; N, 0.87; S, 1.59.

X-ray Structure Determinations {#sec2.2}
------------------------------

The crystals of **1**--**12**, **13S**, and **15**--**17** were immersed in cryo-oil, mounted in a Nylon loop, and measured at a temperature of 150 K. The diffraction data was collected with Bruker SMART APEX II, Kappa Apex, and Bruker Kappa Apex II Duo diffractometers using Mo Kα radiation (λ = 0.71073 Å). The *APEX2*([@ref27]) program package was used for cell refinements and data reductions. The structures were solved by direct methods using the *SHELXS-2014*([@ref28]) program with the *WinGX*([@ref29]) graphical user interface. A semiempirical or numerical absorption correction (*SADABS*)^[@ref30]^ was applied to all data. Structural refinements were carried out using *SHELXL-2014/2018*.^[@ref28]^

The SCN ligand in **8**, one CF~3~SO~3~^--^ counterion in **12**, and a phenyl ring of the phosphine ligand in **16** were disordered between two positions each and were refined with occupation factors 0.51/0.49, 0.75/0.25, and 0.52/0.48, respectively. Geometry and displacement constraints and restraints were applied to these motifs. The crystallization solvent was lost from the crystals of **1**, **4**, **5**, **11**, **13S**, **15**, and **17** and could not be resolved unambigiously. The contribution of the missing solvent to the calculated structure factors was taken into account by using a SQUEEZE^[@ref31]^ routine of PLATON.^[@ref32]^ The missing solvent was not taken into account in the unit cell content. All hydrogen atoms in the studied structures were positioned geometrically and constrained to ride on their parent atoms, with C--H = 0.95--0.99 Å, *U*~iso~ = 1.2--1.5*U*~eq~ (parent atom). The crystallographic details are summarized in Table S1 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03166/suppl_file/ic8b03166_si_001.pdf).

Photophysical Measurements {#sec2.3}
--------------------------

Emission and excitation spectra in solution for complexes **10** and **13**--**16** were recorded on a FluoroMax 4 (JY Horiba Inc.) spectrofluorometer in a 1 cm quartz cuvette (freshly distilled tetrahydrofuran, concentration ca. 10^--5^ M, 298 K). The emission quantum yields in solution were determined under oxygen-free conditions by a comparative method using LED 365 nm as excitation source and Rhodamine 6G in ethanol (Φ = 95%) as the reference dye.^[@ref33]^ The steady-state emission and excitation spectra of complexes **1** and **5**--**17** in the solid state at 298 K and at 77 K were measured on HR2000 (Ocean Optics), FluoroLog 3, and FluoroMax 4 (JY Horiba Inc.) spectrofluorometers. The xenon lamps (300 and 450 W) served as excitation sources. The pulse laser DTL-399QT "Laser-export Co. Ltd" (351 nm, 50 mW, pulse width 6 ns, repetition rate 1 kHz), a monochromator MUM (LOMO, bandwidth of slit 1 nm), photon counting head H10682 (Hamamatsu), and multiple-event time digitizer P7887 (FAST ComTec GmbH) were used for lifetime measurements. The samples were placed in a cryostat optCRYO 105 for measurements in the temperature range 77--270 K. The absolute emission quantum yields of solid samples, which were loaded in Teflon cuvettes and covered by a quartz glass ring, were measured using a FluoroLog 3 (JY Horiba Inc.) spectrofluorometer and a Quanta-phi integration sphere (Horiba).

Computational Details {#sec2.4}
---------------------

Quantum chemical calculations were carried out using the Gaussian 16 program package^[@ref34]^ at the (TD-)DFT level of theory. The PBE0^[@ref35],[@ref36]^ hybrid density functional was utilized throughout the study, combined with the def2-TZVPPD^[@ref37]^ basis set for the metal atoms; 6-311+G(d) basis set for P, N, S, and B atoms; and 6-31G(d) basis set for C, H, and F atoms. Frequency calculations were carried out for the optimized S~0~, T~1~, and S~1~ geometries to confirm that the optimized structures correspond to a minimum on the potential energy surface. Δ*E*(S~1~--T~1~) values were estimated from the total energy differences optimized at the TD-DFT level. For **16**, Δ*E*(S~1~--T~1~) was estimated as the difference in the vertical S~0~ → S~1~ and S~0~ → T~1~ excitations, due to convergence issues during optimization.

Results and Discussion {#sec3}
======================

Synthesis and Characterization {#sec3.1}
------------------------------

### Diphosphine Dinuclear Complexes {#sec3.1.1}

The reactions of commercially available chelating diphosphines **P**^**2**^, bis\[(2-diphenylphosphino)phenyl\] ether (DPEphos), 4,5-bis(diphenylphosphino)-9,9-dimethylxanthene (Xantphos), and 1,2-bis(diphenylphosphino)benzene (dppb), with copper thiocyanate in a 1:1 molar ratio, were carried out under an inert atmosphere in a refluxing methanol--dichloromethane mixture, following the previously reported protocols ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}, see the [Experimental Section](#sec2){ref-type="other"} for the details).^[@ref38],[@ref39]^

![Diphosphine Ligands and the Corresponding Dinuclear Complexes **1**--**6**](ic-2018-031668_0011){#sch1}

The target products of the general formula \[Cu(SCN)**P**^**2**^\]~2~ (**P**^**2**^ = DPEphos, **1**; Xantphos, **3**; dppb, **5**) were obtained as pale crystalline materials in moderate yields (54--79%) due to the formation of virtually insoluble materials of undefined composition. The analogous silver compounds \[Ag(SCN)**P**^**2**^\]~2~ (**P**^**2**^ = DPEphos, **2**; Xantphos, **4**; dppb, **6**) were prepared in a similar straightforward way although more efficiently (81--88%).

The single crystal diffraction analysis confirms that compounds **1**--**6** adopt the dimeric molecular structures ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03166/suppl_file/ic8b03166_si_001.pdf), with the crystallographic data and the selected structural parameters listed in Tables S1 and S2 in [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03166/suppl_file/ic8b03166_si_001.pdf)). In all these complexes except **2**, the thiocyanate ligands are coordinated in a μ~2~,κ^2^-mode and bridge two metal centers to give the MM metallacycles, which have been previously observed for the related copper(I) and silver(I) species.^[@ref38]−[@ref44]^ A copper complex that is nearly identical to **5**, having a diphosphine ligand with *o*-tolyl substituents on one phosphorus center, has been structurally characterized earlier.^[@ref45]^ The diphosphine ligands complete the distorted tetrahedral geometry of each metal ion and are bound to the MM motifs in a *trans*-manner in centrosymmetric molecules of **1** and **4**--**6**. Due to this arrangement, which evidently minimizes the intramolecular steric hindrance, the thiocyanate metallorings appear as nearly planar (**6**) or chairlike conformations (**1**, **4**, and **5**). In **3**, however, the Xantphos ligands are found in a *cis*-position that decreases the molecular symmetry and leads to the twisting distortion of the CuCu fragment apparently because of some repulsion between the phosphine phenyl rings.

![Molecular views of complexes **1**--**3** (one of two independent molecules found in the unit cell of **1** is presented). Thermal ellipsoids are shown at the 50% probability level. H atoms are omitted for clarity.](ic-2018-031668_0001){#fig1}

In the disilver complex **2**, thiocyanate groups are bound to the metal centers in a more rare μ~2~,κ^1^-manner via the sulfur atoms leading to a short Ag--Ag distance of 3.2116(3) Å that is considerably below the sum of two van der Waals radii for silver (3.44 Å). Nevertheless, the same coordination mode observed for \[Ag(SCN)(dppf)\]~2~ and \[Ag(SCN)(dpam)\]~*n*~ (dppf = bis(diphenylphosphino)ferrocene; dpam = diphenylarsinomethane) compounds^[@ref40],[@ref46]^ resulted in substantially longer metal--metal separations (3.703 and 3.820 Å, respectively) suggesting a non-negligible role of the packing effect on the structural features. In general, the values of bond lengths and angles determined for **1**--**6** ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03166/suppl_file/ic8b03166_si_001.pdf)) are typical for this sort of complex and correlate well with the reported data.^[@ref38]−[@ref44],[@ref46]^

The solid-state IR spectra of **1**--**6** reveal a strong peak from the SC≡N stretching vibration in between 2088 and 2108 cm^--1^ that is comparable to those of other Cu(I) and Ag(I) thiocyanate-bridged compounds.^[@ref39],[@ref42]−[@ref44],[@ref46]^ The ^1^H NMR spectra of these dinuclear complexes recorded at ambient temperature mostly display broad and unresolved signals thus providing rather limited structural information. The presence of one ^31^P NMR signal for each compound points to the equivalence of all phosphorus atoms in the molecules in solution due to stereochemical nonrigidity at room temperature. The doublet resonances are observed in the phosphorus spectra of the silver species **2** and **4** (*J*~P--Ag~ = 366 and 374 Hz, respectively; the splittings due to ^107^Ag and ^109^Ag isotopes are not distinguishable at 298 K); the coupling constants are within the range found earlier for the structurally similar complexes.^[@ref42],[@ref46]^

### Tri- and Tetraphosphine Mononuclear Complexes {#sec3.1.2}

Treatment of copper and silver thiocyanates with higher denticity phosphines **P**^**3**^ and **P**^**4**^ ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}) expectedly afforded monometallic products \[CuNCS(**P**^**3**^**/P**^**4**^)\] (**7**, **9**) and \[AgSCN(**P**^**3**^**/P**^**4**^)\] (**8**, **10**) under mild conditions ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}). In the case of **10** an excess of tetraphosphine **P**^**4**^ (ca. 25 molar %) was used to prevent the formation of the tetranuclear complex **11** (see below).

![Preparation of Complexes **7**--**12** Based on Tri- and Tetraphosphine Ligands **P**^**3**^ and **P**^**4**^](ic-2018-031668_0012){#sch2}

The metal ions in **7**--**10** are found in a typical pseudotetrahedral environment, formed by three P-donor functions, provided by the **P**^**3**^**/P**^**4**^ phosphines, and the SCN ligand ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [Figure S2, and Tables S3 and S4](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03166/suppl_file/ic8b03166_si_001.pdf) summarize structural details). The latter is coordinated via the N atom in copper complexes **7** and **9**, which was isolated as yellow-greenish diethyl ether solvate **9**, yellow unspecified solvate **9a**, and a minor yellow-orange solvent-free form **9b**, see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03166/suppl_file/ic8b03166_si_001.pdf). In the silver relative **8** and in most of the obtained forms of **10**, the thiocyanate anion is connected to the metal center through the sulfur atom ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03166/suppl_file/ic8b03166_si_001.pdf)).

![Molecular views of complexes **9** (ether solvate), **10a**, and **10n**. Thermal ellipsoids are shown at the 50% probability level. H atoms are omitted for clarity.](ic-2018-031668_0002){#fig2}

Complex **10** revealed an unusual diversity of crystalline forms, which also show distinctly different optical features (*vide infra*). Thus, in addition to the solvent-free modifications **10** (pale greenish) and **10a** (yellow), this compound was characterized as tetrahydrofuran (**10b**) and methanol solvates (**10c**). The greenish nonsolvated pseudopolymorph **10**, which could be obtained in small quantities and with poor reproducibility, is supposedly a metastable form of **10a**; both crystallize in the same type of spacegroup (*P*2~1~/*c*) with very similar unit cell parameters ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03166/suppl_file/ic8b03166_si_001.pdf)). Moreover, crystallization of **10** from THF/acetonitrile or pure acetonitrile selectively produces linkage isomer **10n**, where the SCN group is N-bound to the silver atom ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}).

The difference in coordination of the SCN ligand in mononuclear complexes **7**--**10** is clearly reflected by the magnitude of ∠M--E--C, which tends to approach a right angle for E = S (89°--110° for **8** and forms of **10**) compared to the values of 166.0--175.5° for E = N in **7** and the family of **9**. This variation in bonding of the SCN anion generally complies with the literature data on d^10^ \[M(SCN)(PR~3~)~3~\] compounds.^[@ref39],[@ref42],[@ref47]^

In all forms of complexes **9** and **10**, the tetraphosphine **P**^**4**^ phosphine serves as a tridentate ligand leaving one terminal PPh~2~ function unbound (Cu(1)--P(4) and Ag(1)--P(4) separations are 4.101 Å and 3.848/3.979 Å, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}), analogously to their alkynyl congener \[Cu(C~2~Ph)(**P**^**4**^)\].^[@ref26]^ The geometry of {M(P)~3~} skeletons and the structural characteristics in **7**--**10** ([Tables S3 and S4](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03166/suppl_file/ic8b03166_si_001.pdf)) closely resemble those of other \[M(**P**^**3**^)X\] compounds.^[@ref25],[@ref48],[@ref49]^

The C≡N stretching frequencies of compounds **8** and **10**(**a**, **b**) with a bent geometry of the Ag--SCN fragments (2097 and 2092 cm^--1^) are systematically higher than those for **7** and **9** with N-coordinated thiocyanates (2080 and 2083 cm^--1^) that agree with earlier observations^[@ref39],[@ref42]^ and confirm the presence of one coordination isomer in the bulk sample.

The ^31^P NMR spectra of triphosphine complexes **7** and **8** at room temperature display two broad and poorly resolved signals with 2:1 ratio of integral intensities, which correspond to two types of phosphorus atoms in symmetrically coordinated **P**^**3**^ ligand. In the case of **8**, only the low field resonance of the PPh~2~ groups reveals P--Ag coupling (*J*~P--Ag~ = ca. 206 Hz) that, together with the broadness of spectroscopic profiles, indicates a substantial nonrigidity of these compounds in solution. Copper complex **9** also undergoes dynamic processes under ambient conditions as its ^31^P spectrum shows one unresolved multiplet. The spectrum at 193 K displays four signals of equal intensity ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03166/suppl_file/ic8b03166_si_001.pdf)). Three of them are broadened because of direct coordination of the phosphorus functions to quadrupolar copper nuclei, whereas the fourth resonance corresponds to the dangling PPh~2~ group and appears as a resolved multiplet due to coupling with the other phosphorus nuclei that evidently corresponds to the structure found in the solid state. The silver analogue, however, demonstrates the AX~3~ spectroscopic pattern in the ^31^P spectrum ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03166/suppl_file/ic8b03166_si_001.pdf)), additionally split due to P--^107,109^Ag couplings (^1^*J*~P-107Ag~ = 179 and 112 Hz, ^1^*J*~P-109Ag~ = 203 and 129 Hz), suggesting that in solution the **P**^**4**^ phosphine is symmetrically bound to the metal ion as a result of possible dissociation of SCN anion. This hypothesis is also supported by the crystallization of two isomers **10**(**a**, **b**) and **10n**, the formation of which requires cleavage of Ag--S or Ag--N bonds in solution.

### Tetraphosphine Tetranuclear Complexes {#sec3.1.3}

Increasing the amount of starting AgSCN in the reaction with **P**^**4**^ leads to the assembly of the neutral tetranuclear cluster \[Ag~2~(μ~3~,κ^2^-SCN)(t-SCN)(**P**^**4**^)\]~2~ (**11**), whereas using the 1:1 mixture of AgSCN/AgCF~3~SO~3~ generated the dicationic cognate \[Ag~2~(μ~3~,κ^2^-SCN)(**P**^**4**^)\]~2~(CF~3~SO~3~)~2~ (**12**), see [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}. The structural motif of these aggregates, depicted in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, is reminiscent of that of the cyanide complexes \[M~2~(CN)(**P**^**4**^)\]~2~^2+^.^[@ref50]^ Both **11** and **12** contain 8-membered thiocyanate metalloring decorated with additional silver ions, which are appended to the sulfur atoms to give a chairlike configuration. The Ag--S bonds (2.532--2.556 Å, [Table S5](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03166/suppl_file/ic8b03166_si_001.pdf)) within a flat AgAg core are systematically shorter than in dinuclear complexes **4** and **6** (2.608--2.682 Å) having the same framework, while the Ag--N contacts in **11** and **12** do not deviate substantially from those in diphosphine compounds. Cluster **11** does not show appreciable Ag···Ag contacts (the corresponding separation is 3.445 Å) due to the saturation of coordination vacancies of both metals. In **12**, which is derived from **11** by removing terminal SCN groups, the lack of the ligands causes a significant contraction of the silver--silver distance to 2.918--2.970 Å.

![Molecular views of complexes **11** and **12** (one of two independent molecules found in the unit cell of **12** is presented). Thermal ellipsoids are shown at the 50% probability level. H atoms are omitted for clarity.](ic-2018-031668_0003){#fig3}

In solution compounds **11** and **12** exhibit fluxional behavior according to the ^31^P NMR spectroscopic data ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03166/suppl_file/ic8b03166_si_001.pdf)), which reveal two resonances of 3:1 relative integral intensities arising from the fast motion of the tetraphosphine ligands and/or reversible dissociation/association, akin to the described behavior of \[Ag~2~(CN)(**P**^**4**^)\]~2~^2+^.^[@ref50]^

### Isothiocyanatoborate Complexes {#sec3.1.4}

Inspired by the reports on the modification of luminescent cyanide metal complexes by coupling with strong Lewis acid B(C~6~F~5~)~3~ to generate isocyanoborate ligands,^[@ref51]−[@ref53]^ we employed the mononuclear compounds **7**--**10** bearing terminally coordinated ambidentate thiocyanates in the analogous reactions. Thus, the interaction of **7**--**10** with B(C~6~F~5~)~3~ in dry deaerated tetrahydrofuran results in a clean conversion of the parent complexes into the isothiocyanatoborate derivatives \[M{SCN:B(C~6~F~5~)~3~}(**P**^**3**^**/P**^**4**^)\] (**13**--**16**) by attaching the borane fragment to the nitrogen atom of the SCN anion ([Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"}).

![Preparation of Isothiocyanatoborate Complexes **13**--**16**](ic-2018-031668_0013){#sch3}

The ^--^SCN:B(C~6~F~5~)~3~ adduct is formed selectively in the isothiocyanate form (see the structural discussion below), regardless of the initial bonding mode of SCN in the starting compounds that is in line with the concept of hard and soft acids and bases.^[@ref54]^ It is worth mentioning that, despite the isothiocyanatoborate anion having been described 15 years ago,^[@ref55],[@ref56]^ it was not previously utilized in the coordination chemistry of transition metal complexes.

Products **13**--**16** were isolated as readily soluble pale crystalline materials, which are generally stable toward moisture and oxygen. The only exception is the copper complex \[Cu{SCN:B(C~6~F~5~)~3~}(***P***^**3**^)\] (**13**), which degrades upon crystallization in acetone/diethyl ether solution on air producing the \[Cu{SCN:B(C~6~F~5~)~3~}(***P***^**3**^**S**)\] (**13S**) compound with partially sulfidated triphosphine; the latter is a unique example of a heterodentate P,P,S-ligand, which is formed evidently in the course of decomposition of the SCN group. The XRD data for compounds **13S**, **15**, and **16** confirm that the isothiocyanatoborate ligand is S-coordinated and the metal centers retain the typical tetracoordinate ligand sphere ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} and [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03166/suppl_file/ic8b03166_si_001.pdf), with the structural parameters summarized in [Table S6](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03166/suppl_file/ic8b03166_si_001.pdf)). In **13S** the S--Cu bonds involving the Ph~2~P=S group (2.304 Å) and the SCN:B(C~6~F~5~)~3~ ligand (2.346 Å) are commensurate with the corresponding distances found in other copper thiocyanate^[@ref39],[@ref41],[@ref44]^ and phosphine--sulfide^[@ref57]−[@ref59]^ compounds.

![Molecular views of complexes **13S** and **16**. Thermal ellipsoids are shown at the 50% probability level. H atoms are omitted for clarity.](ic-2018-031668_0004){#fig4}

The stereochemistry of SCN:B(C~6~F~5~)~3~ fragments in crystallographically identified compounds **13S**, **15**, and **16** is virtually identical to that described for the potassium salts \[K(18-crown-6)\]\[SCN:BR~3~\]^[@ref55],[@ref56]^ and reveals a nearly linear arrangement of SCNB atoms. The bonding of the borane group to the SCN anion causes some systematic shortening of the C≡N bond length (1.136--1.152 Å) with respect to those of the parent complexes **7**--**10** (*d*~CN~ = 1.152--1.160 Å) that also matches an increase in ν(CN) stretching frequencies in **13**--**16** (2189--2181 cm^--1^) relative to **7**--**10** (2097--2080 cm^--1^).

The copper-containing compound **15** was obtained in two crystalline modifications, a greenish tetrahydrofuran solvate **15** (spacegroup *C*2/*c*) and a yellow solvent-free material **15a** (spacegroup *P*1̅), which is isomorphous to the silver analogue **16**.

It should be mentioned that the attempts to prepare the borane derivatives of other complexes were unsuccessful. The exposure of cluster **11**, bearing pendant thiocyanate ligands, to B(C~6~F~5~)~3~ yields the salt \[Ag~2~(SCN)(**P**^**4**^)\]~2~(SCNB(C~6~F~5~)~3~)~2~ (**17**) with noncoordinated \[SCN:B(C~6~F~5~)~3~\]^−^ counterion ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03166/suppl_file/ic8b03166_si_001.pdf)), the tetrametallic dication of which is essentially the same as in **12**. Furthermore, the dinuclear species **1** and **2** appeared to be inert toward B(C~6~F~5~)~3~, while in the case of **4** the reaction leads to the cleavage of its dimeric structure and the formation of the bis-diphosphine complex \[Ag(Xantphos)~2~\](SCNB(C~6~F~5~)~3~) (**18**, [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03166/suppl_file/ic8b03166_si_001.pdf)), recently described with the BF~4~^--^ anion.^[@ref60]^

The NMR spectroscopic data for compounds **13**--**16** are compatible with those for the parent complexes **7**--**10** and with the crystal structures of **15** and **16** (see [Experimental Section](#sec2){ref-type="other"}). The ^31^P spectrum of **13** at 298 K shows two broadened resonances in a 2:1 ratio and the chemical shifts akin to those of **7**. Complex **15** at room temperature demonstrates one ^31^P signal and proved to be more fluxional than **9**; the dynamic processes were not frozen even at 193 K. Although silver compounds **14** and **16** already at room temperature demonstrate well-resolved ^31^P patterns, these were interpreted as AB~2~ and AX~3~ spin systems with characteristic P--^107,109^Ag splittings ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03166/suppl_file/ic8b03166_si_001.pdf)). The ^31^P spectroscopic profile of **16** is identical to that of **8** (see [Figures S4 and S6](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03166/suppl_file/ic8b03166_si_001.pdf)) that also suggests a symmetric coordination of the tetraphosphine and a weak coordination of the \[SCN:B(C~6~F~5~)~3~\]^−^ ligand in solution. The phosphorus NMR spectrum of complex **13S** reveals three multiplets (1:1:1 intensities ratio) as anticipated from the P,P,S-coordinated diphosphine-phosphine sulfide ligand ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03166/suppl_file/ic8b03166_si_001.pdf)). All compounds with the B(C~6~F~5~)~3~ fragment display very similar ^19^F NMR spectra, assigned to the *ortho*-, *meta*-, and *para*-fluorine atoms of the equivalent C~6~F~5~ rings.

Photophysical Properties and Computational Studies {#sec3.2}
--------------------------------------------------

Among the titled complexes, **2**--**4** and **13s** do not show appreciable luminescence. Furthermore, the optical studies of the other compounds were mainly performed in the solid state due to the aforementioned dynamics and generally very weak photoemission in solution.

The dinuclear copper complexes **1** and **5** show blue and yellow moderately intense emission, the energy of which remains virtually the same at 77 K ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} and [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Their lifetimes are dramatically increased upon cooling and feature nonlinear temperature dependencies typical for TADF behavior. Fit of these data by using [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}, that takes into account thermally equilibrated lowest triplet and singlet excited states, provides their intrinsic phosphorescence and fluorescence lifetimes τ(T~1~) and τ(S~1~) and the value of energy gap Δ*E*(S~1~--T~1~), which are listed in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} along with computationally assessed energy separations Δ*E*(S~1~--T~1~)~calc~. The latter parameters, although compatible with energetics that favors delayed fluorescence, visibly deviate from the experiment-based data, at least in part, eventually because of the crystal lattice effects.

###### Solid-State Photophysical Properties of Complexes **1** and **5**--**17**[a](#t1fn1){ref-type="table-fn"}

            298 K   77 K                                                                                                     
  --------- ------- ------ -------------------------- ------ ------------- ------------- ----- ----------------------------- --------
  **1**     448     15     3.2 (35.3), 0.7 (64.7)     2.5    5.9 × 10^4^   3.4 × 10^5^   452   125.5 (39.6), 707.9 (61.4)    628.8
  **5**     571     14     1.8                               7.5 × 10^4^   4.8 × 10^5^   571   117.7                          
  **6**     505     35     4.3 (26.5), 12.9 (73.5)    12.0   2.9 × 10^4^   0.5 × 10^5^   472   623.8 (53.7), 2074.8 (46.3)   1700.6
  **7**     520     57     0.9 (50.0), 5.4 (50.0)     4.8    1.2 × 10^5^   0.9 × 10^5^   520   114.1 (33.0), 738.4 (67.0)    694.3
  **8**     538     32     5.5 (27.7), 16.2 (72.3)    15.0   2.1 × 10^4^   0.5 × 10^5^   548   1224.4 (70.0), 691.7 (30.0)   1120.6
  **9**     543     27     1.3 (37.8), 5.4 (62.2)     4.9    5.5 × 10^4^   1.5 × 10^5^   552   610.8 (9.9), 1423.8 (90.1)    1386.8
  **9a**    575     23     0.9 (16.3), 3.9 (83.7)     3.8    6.0 × 10^4^   2.1 × 10^5^   575   332.8 (29.8), 1133.5 (70.2)   1044.7
  **10a**   552     27     2.2 (20.0), 10.5 (80.0)    10.1   2.7 × 10^4^   0.7 × 10^5^   507   450.8 (78.4), 1163.1 (21.6)   746.9
  **10c**   630     19     3.5 (17), 7.2 (84)         6.9    2.8 × 10^4^   1.2 × 10^5^   645   346.3 (44), 1032.3 (56)       890.2
  **10n**   525     44     5.4 (27.9), 11.0 (72.1)    10.1   4.3 × 10^4^   0.6 × 10^5^   518   389.7 (17.0), 625.0 (83.0)    598.4
  **11**    468     43     6.9 (71.4), 2.0 (28.6)     6.4    6.7 × 10^4^   0.9 × 10^5^   478   259.8 (26.0), 803.4 (74.0)    747.9
  **12**    475     11     1.3 (61.0), 4.7 (39.0)     3.7    3.0 × 10^4^   2.4 × 10^5^   498   50.7 (54.9), 259.7 (45.1)     219.6
  **13**    505     39     7.9 (13.9), 18.3 (86.1)    17.6   2.1 × 10^4^   3.4 × 10^4^   515   3245.1 (77.6), 939.2 (22.4)   3067.2
  **14**    482     12     24.1 (85.7), 10.1 (14.3)   23.2   0.5 × 10^4^   3.8 × 10^4^   478   1658.2 (62.6), 506.7 (37.4)   1480.4
  **15**    505     17     2.5 (54.3), 0.4 (45.7)     2.3    7.4 × 10^4^   3.7 × 10^5^   500   203.8 (37.7), 2089.1 (62.3)   1983.9
  **15a**   625     11     1.6 (48.2), 4.7 (51.8)     4.0    2.7 × 10^4^   2.3 × 10^5^   666   1336.7 (75.2), 238.5 (24.8)   1275.8
  **16**    575     9      9.3 (52.9), 2.3 (47.1)     8.0    1.1 × 10^4^   1.1 × 10^5^   630   1127.3 (63.9), 306.1 (36.1)   1018.1
  **17**    470     4      7.1 (63.9), 2.2 (36.1)     6.4    6.3 × 10^3^   1.5 × 10^5^   460                                  

The uncertainty of the quantum yield measurement is in the range of ±5% (an average of three replica). Average emission lifetime for the two-exponential decay τ~av~ = (*A*~1~τ~1~^2^*+ A*~2~τ~2~^2^)/(*A*~1~τ~1~*+ A*~2~τ~2~). *A*~*i*~ = weight of the *i* exponent. *k*~r~*= Φ/τ*~av~. *k*~nr~*=* (1 -- Φ)/τ~av~.

###### Excited State Characteristics from the Fit Based on the Two-State Model and Theoretically Predicted Energy Gaps (Δ*E*(S~1~--T~1~)~calc~)

            Δ*E*(S~1~--T~1~), cm^--1^          Δ*E*(S~1~--T~1~)~calc~, cm^--1^        τ(T~1~), μs   τ(S~1~), ns
  --------- ---------------------------------- -------------------------------------- ------------- -------------
  **1**     644                                1129                                   618           184
  **5**     572                                1613                                   131           15
  **6**     1111                               726                                    1686          21
  **7**     649                                807                                    700           89
  **8**     838                                485                                    1117          119
  **9**     [a](#t2fn1){ref-type="table-fn"}   1694                                                  
  **10a**   858                                968                                    738           48
  **10c**   740                                                                       883           79
  **10n**   922                                1774                                   597           28
  **11**    910                                565                                    749           41
  **13**    697                                1129                                   3083          20
  **14**    1608                               1291                                   1466          0.2
  **15**    [a](#t2fn1){ref-type="table-fn"}   1291                                                  
  **15a**   691                                                                       1282          92
  **16**    727                                1694[b](#t2fn2){ref-type="table-fn"}   1005          19

Could not be calculated by [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} due to growing τ~obs~ at 77 K.

Estimated as the energy difference between vertical S~0~ → S~1~ and S~0~ → T~1~ excitations.

![(A) Normalized solid-state excitation (dotted lines, 298 K) and emission spectra (solid lines, 298 K; dashed lines, 77 K) of **1**, **5**, and **6** (the photograph shows their appearance under UV light at 298 K). (B) Temperature dependencies of average lifetimes of **1**, **5**, and **6** (the solid lines are the fits according to [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}). (C) Frontier orbitals in the ground state (S~0~) and the highest singly occupied molecular orbital of the lowest excited triplet state (T~1~) of complex **5** (optimized geometries, the distribution of LUMO is almost identical to that of L + 1).](ic-2018-031668_0005){#fig5}

Due to a relatively small separation between the S~1~ and T~1~ levels (644 and 572 cm^--1^ for **1** and **5**), the higher lying S~1~ state is still in part thermally populated even at 77 K as indicated by the lifetime, which does not reach the plateau region at this temperature.

With the consideration of the structural similarity of **1** and **5**, the drastic difference in their emission colors might be determined by the nature of the diphosphine ligands (DPEphos and dppb). Computational analysis of the electronic structures of these compounds shows that the lowest energy excitations S~0~ → S~1~ are virtually forbidden (oscillator strength *f* = 0) but are very close energetically to the allowed S~0~ → S~*n*~ (*n* \> 1) electronic transitions ([Table S7](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03166/suppl_file/ic8b03166_si_001.pdf)), which predominantly involve HOMO and LUMO + 1 (S~2~, **1**) or LUMO + 1/+ 3 (S~3~ and S~4~, **5**). The HOMO contains the contributions of the copper and phosphorus atoms mixed with NCS ligands, while the higher lying unoccupied orbitals are located on the aromatic spacers of the diphosphines ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c and [Figure S8, and Table S8](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03166/suppl_file/ic8b03166_si_001.pdf)). Furthermore, the highest singly occupied orbital of the triplet state is also displaced on the P-ligand backbone, and therefore, both S~1~ and T~1~ states have a mixed (Cu + NCS) → π(phosphine) charge transfer character, i.e., (M + L′)LCT. This active role of rather structurally flexible bimetallic metallocycles might account for moderate quantum yields of these compounds, which show visibly larger nonradiative rate constants than most of the other species ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Notably, the luminescence properties of **5** considerably diverge from the behavior of its close congener \[Cu(SCN)(PPh~2~C~6~H~4~PTol~2~)\]~2~,^[@ref45]^ which was reported to show blue emission (λ~em~ = 478 nm vs 571 nm for **5** at 298 K) and substantially longer lifetimes (τ~obs~ = 4.7 μs at 298 K, 1077 μs at 77 K vs 1.8 μs at 298 K, 118 μs at 77 K for **5**). In a view of nearly identical electronic features of the ligands in these compounds, such a deviation of the photophysical characteristics points to their significant dependence on an intramolecular steric effect and the solid-state packing.

The silver analogue of **5**, complex **6**, also demonstrates delayed fluorescence under ambient conditions with a somewhat larger Δ*E*(S~1~--T~1~) value of 1111 cm^--1^ and hypsochromically shifted emission (λ~em~ = 505 nm) in comparison to that of **5** (λ~em~ = 571 nm). The latter effect correlates with higher oxidation potential for Ag^I^ vs Cu^I^. According to DFT calculations, the change of Cu for Ag results in 0.2 eV stabilization of HOMO in **6** (0.16 eV increase of the HOMO--LUMO gap). Simultaneously, the composition of the frontier molecular orbitals shows that the metal centers and NCS ligands in **6** constitute 20% and 34% of the HOMO, respectively (30% and 28% in **5**, [Table S8](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03166/suppl_file/ic8b03166_si_001.pdf)), indicating a larger proportion of L′LCT vs MLCT for the silver complex (see also the frontier orbital plots in [Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03166/suppl_file/ic8b03166_si_001.pdf)). In contrast to a majority of TADF luminophores, the emission energy of **6** is noticeably increased at 77 K (λ~em~ = 472 nm vs 505 nm at 298 K), and a similar effect is observed for **10a**, **10n**, **14**, and **15** (see below). A similar behavior was reported for some other crystalline complexes with the TADF property^[@ref16],[@ref61],[@ref62]^ and has been tentatively attributed to possible stabilization of the ground state at low temperature via intermolecular interactions, and to the rise of the excited state energy due to restrained structural distortions in the frozen crystal. The latter hypothesis is supported by the analysis of theoretically optimized relaxed geometries for **6** in the ground (S~0~) and excited states (S~1~ and T~1~). As can be seen in [Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03166/suppl_file/ic8b03166_si_001.pdf), both S~0~ → S~1~ and S~0~ → T~1~ excitations break the symmetry of the molecule and lead to a substantial flattening of coordination geometry of one silver atom that is accompanied by some contraction of the metal--ligand bond distances. Consequently, the excited molecule is predicted to undergo a severe twist (the angle between the planes of phenylene spacer changes from 0° in S~0~ to ca. 74° in S~1~ and 72° in T~1~) that is expected to be largely suppressed at 77 K and thus increases the energy gap.

The behavior of mononuclear triphosphine compounds \[MSCN(**P**^**3**^)\] **7** (M = Cu) and **8** (M = Ag) at ambient temperature agrees with the data for their cyanide and halide relatives.^[@ref25],[@ref49]^ The predicted S~0~ → S~1~ excitation corresponds mainly to the HOMO → LUMO transition ([Table S7](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03166/suppl_file/ic8b03166_si_001.pdf)), which has the L′LCT (SCN → π**P**^**3**^) origin mixed with some metal to ligand (**P**^**3**^) charge transfer. As shown in [Figure S11 and Table S8](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03166/suppl_file/ic8b03166_si_001.pdf), the HOMO is primarily located on the thiocyanate ligand (76% for **7** and 66% for **8**), whereas the contribution of metal d orbitals amounts only to 10% (**7**) and 9% (**8**). Both complexes exhibit greenish delayed fluorescence (λ~em~ = 520 nm, **7**; 538 nm, **8**) with quantum yields for the neat crystalline sample reaching 33% (**8**) and 57% (**7**); the latter value is the highest one among the title complexes described in the present work. Also, the radiative rate constant for **7** (*k*~r~ = 1.2 × 10^5^ s^--1^) is the largest within this series, resulting in an appreciably shorter TADF lifetime (4.8 μs) in comparison to those of congener species \[Cu(**P**^**3**^)X\] (X = Hal, τ~obs~ = 9.0--11.7 μs; CN, τ~obs~ = 15.4 μs).^[@ref25],[@ref49]^

For complex \[CuNCS(**P**^**4**^)\] (**9**), which has been structurally characterized in three crystalline forms, we were able to investigate the optical properties for solvates **9** and **9a**. In the case of silver analogue **10**, the extensive sets of measurements were performed for the yellow solvent-free form **10a**, methanol solvate **10c** and the linkage isomer **10n**. For the sample **10b**, which exists as a mixture of at least two pseudopolymorphs, only the emission spectra were recorded. The nonsolvated modifications **9b** and **10**, which could not be isolated reproducibly and in sufficient quantities, were therefore excluded from further investigations. Likewise, as for the triphosphine relatives, the lowest energy transition S~0~ → S~1~ (*f* = 0.017--0.024) for compounds **9**, **10**, and **10n** occurs mostly between the HOMO and LUMO (90%, 96%, and 81%, [Table S7](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03166/suppl_file/ic8b03166_si_001.pdf)). Compared to those of **7** and **8**, the metal ions in **9** and **10** contribute 14% and 20% to the HOMO, respectively, meaning that the lowest excited states S~1~ and T~1~ for the tetraphosphine compounds have a more pronounced MLCT character ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} and [Figure S12](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03166/suppl_file/ic8b03166_si_001.pdf)) along with ligand to ligand (SCN → π**P**^**3**^) charge transfer. In addition, in **10**, where the SCN ligand is S-bound to the silver ion, the thiocyanate contribution to the HOMO decreases to 26% (64% for **9**) which is compensated by the HOMO distribution over the P atoms (54%, [Table S8](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03166/suppl_file/ic8b03166_si_001.pdf)). Conversely, in **10n** the S~0~ → S~1~ excitation refers to the dominating L′LCT process that is manifested by the corresponding localizations of HOMO (SCN, 81%; d~Ag~, 5%) and LUMO (**P**^**3**^ ligand, 95%), see [Figure S13 and Table S8](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03166/suppl_file/ic8b03166_si_001.pdf).

![(A) Normalized solid-state excitation (dotted lines, 298 K) and emission (solid lines, 298 K; dashed lines, 77 K) spectra of **10**(**a--c**) and **10n** (the photograph shows their appearance under UV light at 298 K). (B) Temperature dependencies of average lifetimes of **10a**, **10c**, and **10n** (the solid lines are the fits according to [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}). (C) Frontier orbitals in the ground state (S~0~) and the highest singly occupied molecular orbital of the lowest excited triplet state (T~1~) of **10** (optimized geometries).](ic-2018-031668_0006){#fig6}

Both forms **9** and **9a** emit in a yellow region with moderate intensity ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and [Figure S12](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03166/suppl_file/ic8b03166_si_001.pdf)). Temperature dependence of the observed lifetime for **9** ([Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03166/suppl_file/ic8b03166_si_001.pdf)) in the 77--298 K window could not be adequately treated with [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} due to continuing growth of τ~obs~ at 77 K. Nevertheless, it is compatible with TADF behavior and points toward the S~1~ and T~1~ states being very close in energy (conceivably, less than 500 cm^--1^). Theoretical studies though predict a rather large Δ*E*(S~1~--T~1~) separation of 1694 cm^--1^ for complex **9** that considerably exceeds the values for other mononuclear compounds ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). The plausible reason for this discrepancy may arise from drastic geometry changes, which accompany the formation of the triplet state, computationally assessed in the gas phase ([Figure S14](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03166/suppl_file/ic8b03166_si_001.pdf)). In particular, the P···Cu distance involving the noncoordinated PPh~2~ group decreases from 3.980 Å in S~0~ (the experimental value is 4.101 Å for **9**) to 3.447 Å in the S~1~ state and further drastically contracts to 2.472 Å as a result of the transition to the T~1~ state. Apparently, such structural variation might be considerably confined in the crystal, causing a certain destabilization of the T~1~ level and therefore a narrowing of the Δ*E*(S~1~--T~1~) gap. For **10n**, the overall trend of geometry distortions follows that of **9** ([Figure S14](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03166/suppl_file/ic8b03166_si_001.pdf)).

The family of crystalline materials formed by complex **10** reveals versatile luminescence properties ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). The nonsolvated isomer **10n** exhibits green emission (λ~em~ = 525 nm), while yellow form **10a** emits at lower energy (λ~em~ = 552 nm). The solvated modifications **10b** (THF solvates) and **10c** (MeOH solvate) demonstrate additional bathochromic shifts of the emission maxima (λ~em~ = 605 and 630 nm, respectively) and thus reach a red-orange color for **10c**. The delayed fluorescence was confirmed for the samples **10a**, **10c**, and **10n**; like complex **6**, both solvent-free species **10a** and **10n** show a noticeable blue shift of the emission maxima when cooled to 77 K ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). Nevertheless, the onsets of the emission bands appear at longer wavelengths at lower temperatures, in line with the TADF mechanism.^[@ref16],[@ref61],[@ref62]^

The significant variation of emission energies, which cover a wide range of the visible spectrum, can be tentatively interpreted in terms of structure distortions occurring in the excited states. Like congeners **9** and **10n**, complex **10** experiences dramatic photoinduced reorganization, which is geometrically quite similar for both S~1~ and T~1~ states and features a 5-coordinate trigonal bipyramidal environment of the metal center as indicated by the TD-DFT calculations ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). The lattice restraints therefore are expected to influence the luminescence color via altering the energy of the S~1~ state, from which the radiative relaxation at room temperature occurs in the case of TADF.

![Relaxed geometries of S~0~, S~1~, and T~1~ states for complex **10** (the indicated interatomic distances are given in Å).](ic-2018-031668_0007){#fig7}

The substantially red-shifted emission of complex **10**, observed in a nonrigid fluid medium (degassed tetrahydrofuran solution, λ~em~ = 690 nm at 298 K, Φ~em~ = 2.1%, [Figure S15](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03166/suppl_file/ic8b03166_si_001.pdf)), correlates with this hypothesis. It also has been noted for other Cu and Ag compounds that their photophysical behavior can be altered by quite subtle structural changes,^[@ref21]^ and even two independent molecules in the unit cell are capable of showing different emissions.^[@ref63]^ The low quantum yield of **10** in solution is not surprising as large structural distortions occurring in the excited state typically facilitate its nonradiative deactivation.^[@ref21],[@ref64]^ In addition, mechanical grinding converts all modifications of **10** into essentially the same type of amorphous solid with yellow-orange luminescence. Exposure to acetonitrile transforms this phase into a pale microcrystalline material with intense greenish emission that implies the formation of the isomer **10n** ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}).

![Spectroscopic changes of complex **10** (all forms) upon grinding and treatment with acetonitrile.](ic-2018-031668_0008){#fig8}

The tetranuclear species **11** and **12** are blue luminophores (λ~em~ = 468 and 475 nm, [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}) with quantum yields of 43% and 11%. The neutral complex **11**, which demonstrates longer metal--metal separations than **12** in the ground and the excited states ([Table S9](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03166/suppl_file/ic8b03166_si_001.pdf)), also has a visibly longer lifetime at 77 K (τ~obs~ = 748 μs for **11**, 220 μs for **12**) likely as a consequence of a weaker spin--orbit coupling due to less explicit metallophilic interactions. The highest occupied MOs for **11** are mainly localized on terminal thiocyanate ligands ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"} and [Figure S16](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03166/suppl_file/ic8b03166_si_001.pdf)), which therefore have a crucial effect on the electronic structures of these clusters. The lowest allowed electronic excitation, which is S~0~ → S~2~ for both **11** and **12** ([Table S7](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03166/suppl_file/ic8b03166_si_001.pdf)), in the case of **11** involves HOMO -- 2/HOMO -- 3 → LUMO/LUMO + 1 transitions and has a clear L′LCT (t-SCN → π**P**^**3**^) character with some MLCT (metal atoms contribute 16%/18% to HOMO -- 3/HOMO -- 2, [Table S8](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03166/suppl_file/ic8b03166_si_001.pdf)) and L″LCT (μ-SCN → π**P**^**3**^) admixtures.

![(A) Normalized solid-state excitation (dotted lines, 298 K) and emission spectra (solid lines, 298 K; dashed lines, 77 K) of **11** and **12**. (B) Temperature dependence of average lifetimes of **11** (the solid line is the fit according to [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}). (C) Selected frontier orbitals in the ground state (S~0~) and the highest singly occupied molecular orbital of the lowest excited triplet state (T~1~) of **11** (optimized geometries).](ic-2018-031668_0009){#fig9}

In **12**, the HOMO and HOMO -- 1 are distributed over the silver ions and phosphorus atoms with SCN bridges only constituting 6% and 4%, respectively. This allows us to ascribe the predicted S~0~ → S~2~ excitation to the (d,p(Ag, P) → π**P**^**3**^) charge transfer parentage, analogously to its cyanide relative \[Ag~2~(μ~2~-CN)(**P**^**4**^)\]~2~^2+^.^[@ref50]^ However, in **11** and **12** the frontier orbitals are distributed asymmetrically in the lowest lying triplet state ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"} and [Figure S16](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03166/suppl_file/ic8b03166_si_001.pdf)); the latter can be described essentially in the same terms as the forgoing singlet--singlet excitations, i.e., having ^3^(L′ + M)LCT (**11**) and ^3^(L + M)LCT (**12**) origins.

The emission of cluster **17** (λ~em~ = 470 nm), which is formally derived from **12** by changing the triflate counterion to \[SCN:B(C~6~F~5~)~3~\]^−^, is very close to those of **11** and **12**, although the intensity is decreased to 4%. Because the nonradiative rate constant for **17** is comparable to those for **11** and **12** (see [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}), the drop of the quantum yield corresponds to the slowdown of the radiative relaxation (*k*~r~ = 6.3 × 10^3^ s^--1^ for **17** vs 3.1 × 10^4^ s^--1^ for **12**), presumably caused by the differences in the ligand sphere (**17**, in contrast to **12**, contains coordinated THF molecules, [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03166/suppl_file/ic8b03166_si_001.pdf)).

The borane-containing complexes **13**--**15** (except form **15a**) reveal blue-shifted luminescence (λ~em~ = 505--482 nm, [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"} and [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) with respect to that of their parent compounds **7**--**9** (λ~em~ = 520--543 nm). Remarkably, the THF-solvated form of **15** shows blue-greenish emission (λ~em~ = 505 nm), but the solvent-free crystalline modification emits in the orange region (λ~em~ = 625 nm, [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}), which is quite close to its behavior in THF solution (λ~em~ = 650 nm, Φ~em~ = 2.1%). On the other hand, in the case of **16** we were able to obtain only one crystalline form (λ~em~ = 575 nm) in contrast to its versatile congener **10**. The relaxed geometries of tetraphosphine species **15** and **16** in the S~1~ and T~1~ states (the optimization of S~1~ state could not be achieved for **16**) reveal the same sort of structural changes as theoretically predicted for **9** and **10**, leading to the contraction of the longest nonbonding P···metal distance and emergence of the pentacoordinate coordination environment of the metal ions ([Figure S17](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03166/suppl_file/ic8b03166_si_001.pdf)).

![(A) Normalized solid-state excitation (dotted lines, 298 K) and emission spectra (solid lines, 298 K; dashed lines, 77 K) of **13**--**16** (the photograph shows the appearance of **15** and **15a** under UV light at 298 K). (B) Temperature dependencies of average lifetimes of **13**--**16** (the solid lines are the fits according to [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}). (C) Frontier orbitals in the ground state (S~0~) and the highest singly occupied molecular orbital of the lowest excited triplet state (T~1~) of complex **16** (optimized geometries).](ic-2018-031668_0010){#fig10}

The addition of the B(C~6~F~5~)~3~ groups resulted in a ca. 4- to 6-fold decrease of radiative rate constants in **13**--**16** vs **7**--**10** that consequently increased the observed lifetimes (both at 298 and 77 K) and lowered quantum efficiency, particularly for the silver compounds **14** and **16**. The phosphorescence decay times τ(T~1~) for **13**--**16** are systematically longer than for their corresponding precursors **7**--**10** and reach the value of 3 ms ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}), denoting rather weak SOC that can be attributed to the change of the electronic structures upon boronation. The calculated S~1~ state for **13**--**16** results from a nearly pure HOMO → LUMO transition, which has a d,p(M, P) → π**P**^**3/4**^ character, the opposite of **7**--**10**, with a very small (1--2%) contribution of SCN:B(C~6~F~5~)~3~ ligand, i.e., the excited states S~1~ and T~1~ for **13**--**16** can be classified as (L + M)LCT, see [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"} and [Figure S18](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03166/suppl_file/ic8b03166_si_001.pdf).

Conclusions {#sec4}
===========

The family of thiocyanate copper(I) and silver(I) compounds was prepared using the series of chelating bi-, tri-, and tetraphosphines. The denticity of P-donor ligands and the potentially bridging coordinating ability of SCN groups determines the nuclearity of the resulting products, which comprise mono-, di-, and tetrametallic species. The dinuclear complexes, containing diphosphines DPEphos, Xantphos, and dppb, in the solid state feature the MM metallacycles as the preferential structural motif (**1**, **3**--**6**). The only exception is the disilver compound **2**, having the sulfur-bridged metal ions. The ambidentate character of the thiocyanate is also realized in the mononuclear complexes **7**--**10**, which reveal the N-coordination mode for the copper compounds and predominantly S-coordination for their silver congeners. The tetraphosphine silver complex **10** can be converted into the tetrametallic aggregates by reacting with an equimolar amount of silver salts AgSCN (**11**) or AgCF~3~SO~3~ (**12**). In addition, treatment of **7**--**11** with strong Lewis acid B(C~6~F~5~)~3~ leads to their isothiocyanatoborate derivatives **13**--**17**, which bear weakly coordinating ^--^SCN:B(C~6~F~5~)~3~ ligand.

The luminescence properties of compounds **1** and **5**--**17** were investigated in the solid state; the dinuclear species **2**--**4** did not show appreciable emission under ambient conditions. The studied complexes demonstrate delayed fluorescence at room temperature. The calculated electronic structures suggest the charge transfer character of the S~1~ and T~1~ excited states. In particular, the lowest energy electronic transitions in **7**--**11**, having terminally coordinated SCN ligands, are mainly of L′LCT SCN → π(phosphine) origin (except **10**) with some contribution of the MLCT process due to localization of the HOMO and LUMO on the thiocyanate and phosphine's aromatic groups, respectively. The bridging bonding of SCN decreases its contribution to the highest occupied orbitals in **1**, **5**, **6**, and **12**, thus increasing the role of d,p(M, P) → π(phosphine) transitions in the formation of the excited states. For **13**--**16**, this effect is even more pronounced as the boronation of the N-donor nearly completely switches off the SCN → π charge transfer that changes the nature of S~1~ and T~1~ states to (L + M)LCT (d,p(M, P) → π**P**^**3/4**^).

Because the characteristics of excited states are mainly governed by the phosphine ligands and their coordination mode, a wide variation of the emission energies has been achieved and covers the range from blue (λ~em~ = 448 nm, **1**) to red-orange (λ~em~ = 630 nm, **10c**). Interestingly, the luminescence color for the tetraphosphine complexes **10** and **15**, which were obtained in several forms, is strongly dependent on the crystal packing and shows dramatic alteration for **15** (λ~em~ = 505 and 625 nm). This phenomenon has been tentatively assigned to the significant geometry reorganizations that occur in both S~1~ and T~1~ excited states for the complexes with S-coordinated SCN/SCN:B(C~6~F~5~)~3~ ligands. The predicted distortions, which involve the contraction of nonbonding P···M separation for ca. 1.5 Å and the formation of the 5-coordinate coordination environment of the d^10^ metals, might be substantially confined by the lattice and thus influence the energy of the emissive S~1~ state. Such a molecular design, which allows severe photoinduced deformations, opens a simple though effective approach to the versatile TADF d^10^ complexes, e.g., exhibiting stimuli-responsive emission.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.inorgchem.8b03166](http://pubs.acs.org/doi/abs/10.1021/acs.inorgchem.8b03166).Crystallographic and computational details; molecular views of selected complexes; ESI-MS, NMR, and additional photophysical data; and electron density plots ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03166/suppl_file/ic8b03166_si_001.pdf))
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